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ABSTRACT 
The capacity of redox D-mannitol-based polyurethanes to 
modulate the glutathione response under physiological conditions, as 
well as their effectiveness for sustained and site-specific drug release 
in the gastrointestinal tract (GIT), have been demonstrated in 
previous studies. Based on those promising results, our attention has 
now been drawn towards hydrolytic degradation processes at 37 °C 
and different pH values, from acidic to basic conditions, as in the 
GIT. For that, two sets of branched and linear D-mannitol-based 
polyurethanes containing disulfide bonds have been synthesized, 
which has been possible depending on the starting D-mannitol-
derived monomer. Thus 3,4-O-isopropylidene-D-mannitol, having two 
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secondary hydroxyl groups in addition to the two primary hydroxyl 
groups, afforded polyurethanes with a certain degree of branching. In 
contrast, 2,4:3,5-di-O-isopropylidene-D-mannitol and 2,3:4,5-di-O-
isopropylidene-D-mannitol, lacking secondary hydroxyl groups, led to 
linear polyurethanes. Removal of the O-isopropylidene protecting 
groups resulted in more-hydrophilic materials. As in glutathione-
mediated degradation, the branched polyurethanes presented 
enhanced degradation under physiological conditions, proportional to 
the content of D-mannitol, whereas linear polyurethanes were 
degraded slowly, and pH 8 and 10 were required.  
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1. Introduction 
Achieving sustained degradable materials under neutral 
conditions is a multifaceted challenge. In the case of biomaterials, 
which are intimately related to physiological conditions, this interest is 
more pronounced since —besides being biodegradable— they must 
be biocompatible. Fortunately, tailor-made biomaterials with specific 
molecular requirements can today be designed and synthesized 
depending on the properties and applications that are needed [1]. 
Structural architecture, multifunctionality, or stimuli-responsiveness 
are, among others, relevant features of biomaterials for specific 
applications, and moreover, physicochemical and degradation 
properties may be critical. In this sense, degradable natural or 
synthetic polymers that are sensitive to aqueous or enzymatic 
hydrolysis are currently hot topics [2]. 
The recurring problem of low bioavailability in the systemic 
administration of drugs is being resolved by the development of 
advanced polymeric systems for drug delivery and release. Intelligent 
systems are capable of response under physiological stimuli, such as 
changes in pH or temperature, enzyme concentration, or redox 
gradients [3-6]. Nonetheless, degradability is one of the most 
important obstacles to surmount in order to avoid undesired effects 
and toxicity [7]. Hydrolytic degradation of polymers is less specific 
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than enzymatic degradation, but conversely the degradation rate is 
generally more constant, regardless of the part of the organism. For 
this purpose the design of polymeric structures containing labile 
organic functions is highly convenient [8,9]. 
With regard to cancer therapy, it is well known that the hypoxic 
tumor microenvironment is a potential contributor to cancer stem-cell 
evolution [10]. Specific drug carriers for cancer therapy should reach 
the proper target site and be able to deliver the specific drug by 
responding to the intrinsic reducing stimuli of that hypoxic 
microenvironment. Polymers containing disulfide bonds are among 
the most widely studied as drug carriers, since such bonds undergo 
thiol-disulfide exchange mediated by glutathione (GSH) in cells, with 
the consequent release of the drug [7,11-13]. Furthermore, 
metastatic cancer treatment may be conducted by controlling the 
redox state in cancer cells [14]. Success in reaching the therapeutic 
target —the tumor— depends on factors such as tunable release of 
drugs from carriers with controlled degradability, as well as 
bioconjugation processes, among others [15,16]. 
Since polyurethanes (PUs) can be synthesized under mild 
reaction conditions, a variety of functionalized PUs are available with 
labile organic functional groups, conferring on them a low-toxic 
character. Additionally, synthetic carbohydrate-based polyurethanes 
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obtained from easily accessible monosaccharides [17-19] by either 
hydrolytic or enzymatic processes [20-25] are biocompatible and 
degradable materials. Those PUs containing disulfide bonds and 
carbohydrate moieties in the backbone repeating units were 
degraded by GSH [22-25]. It was demonstrated that a pair of 
structural properties such as the degree of crystallinity and 
hydrophilicity of these materials are of relevance for degradation rate. 
Hydrophilicity is an essential factor for biodegradation as well as for 
the hydrolytic degradation of synthetic polymeric materials, especially 
under mild conditions such as the physiological ones. In this sense, 
polymers with tunable hydrophilicity are of great interest for 
biomedical applications [26-28]. 
We have synthesized a variety of redox-sensitive PUs and 
copolyurethanes (CoPUs) containing disulfide bonds and D-mannitol 
–as carbohydrate moiety– in the polymer chains. The hydrophilic 
nature of these materials was provided by different D-mannitol 
monomers, containing one or two O-isopropylidene protecting groups 
(IM and DIM respectively). The hydrophilic character of these 
materials was enhanced by removal of these acetal groups. We have 
recently demonstrated the potential use of a PU based on IM for 
sustained drug release in the gastrointestinal tract [29]. Additionally 
we have published the capacity of different PUs and coPUs based on 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
6 
 
IM, with diverse degree of hydrophilicity, to modulate the glutathione 
response [30]. We demonstrated that the inherent hydrophilicity of 
these materials was a crucial factor in explaining the scope of this 
kind of degradation, the most-hydrophilic materials with the highest 
content in D-mannitol being the fastest to be degraded. We now 
present the results on the hydrolytic degradation studies at 37 °C, 
under different pH values: 2, 7, 8 and 10. We have observed that the 
more-hydrophilic branched polyurethanes were hydrolytically 
degraded more widely under the conditions studied, which included 
physiological conditions. 
 
2. Experimental part  
2.1. Materials  
The following commercial reagents were purchased from Sigma-
Aldrich Co. St. Louis, MO, USA, and they were used as received 
without further purification:  Dibutyltin dilaurate (DBTDL, 95%), D-
mannitol (≥98%), 2,2′-dithiodiethanol (DT, Technical grade), 3,3′-
dithiodipropionic acid (99%), hydrazine monohydrate (64-65% water 
solution, reagent grade 98%).   
The following buffer solutions were used: Buffer solution pH 2.00 (20 
°C) (citric acid, sodium hydroxide, hydrogen chloride, Scharlab S.L., 
Sentmenat, Spain), Buffer solution pH 7.00 (20 °C) (99%, potassium 
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di-hydrogen phosphate, di-sodium hydrogen phosphate 12 hydrate, 
Panreac, Darmstadt, Germany), Buffer solution pH 8.00 (20 °C) 
(99.99%, boric acid, potassium chloride, sodium hydroxide, Scharlab 
S.L, Sentmenat, Spain), Buffer solution pH 10.00 (20 °C) (99.98%, 
sodium carbonate, sodium hydrogen carbonate, Scharlab S.L., 
Sentmenat, Spain). 
The solvents used for purification and characterizations were of 
technical or high-purity grade, which were purchased from Merck 
(Darmstadt, Germany), and they were dried when necessary by the 
use of molecular sieves (Scharlab S.L., Sentmenat, Spain).  
 
2.2. General methods  
The polymerization reaction assays were performed in the 
absence of humidity, under an inert atmosphere. All glassware was 
heated overnight at 80 °C before use. The pure monomers were 
dried under vacuum and stored under an inert atmosphere until 
required.  
IR spectra were recorded on a JASCO FT/IR-4200 
spectrometer equipped with ATR. 
1H and 13C NMR spectra were recorded in the laboratories of 
the CITIUS Service of the University of Seville, using a Bruker AV-
300 or a Bruker Advance AMX-500, or in the Polytechnic University 
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of Catalonia (UPC), using a Bruker AMX-300 apparatus. Chemical 
shifts (δ) are reported as parts per million downfield from 
tetramethylsilane (Me4Si). Two-dimensional shift correlation spectra, 
such as 1H-1H homonuclear and 13C-1H heteronuclear, were also 
recorded with the COSY and HETCOR pulse sequences 
respectively.  
Molecular weights were determined by gel permeation 
chromatography (GPC), using Waters equipment provided with a 
refractive-index detector 2414 (thermostatted at 40 °C). N,N-
dimethylformamide (DMF) containing LiBr (5.8 mM solution) was the 
mobile phase. Samples (100 µL of 0.1% (w/v) solution) were injected 
and chromatographed with a flow of 1 mL min-1. HR3 and HR4 
Waters Styragel columns (7.8 x 300 mm) were used, linked in series 
and protected with a guard column, thermostatted at 60 °C. Molar 
mass averages and their distributions were estimated against 
polystyrene standards.  
The thermal behavior of the polyurethanes was examined by 
differential scanning calorimetry (DSC) using a TA DSC Q200 
Instrument calibrated with indium. Samples of about 2-3 mg were 
heated at a rate of 10 °C min−1 under a nitrogen flow of 50 mL min−1, 
and cooled to -35 °C. The melting temperature (Tm) was taken as the 
maximum of the endothermic peak appearing on heating traces 
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recorded at 10 °C min-1, and the glass transition temperature (Tg) 
was taken as the temperature for the inflection point seen on heating 
traces recorded at 20 °C min-1 from samples quenched from the melt. 
Thermogravimetric analyses (TGA) were performed with a TA SDT 
Q600 thermobalance. Polymer samples with a weight of around 3-4 
mg were heated at a rate of 10 °C min-1 within the temperature range 
of 30-600 °C under an inert atmosphere.  
Scanning electron microscopy (SEM) images were taken with 
a field emission DUAL BEAM AURIGA (ZEISS) instrument. The 
samples were coated with gold using a Leica DC500 instrument.  
 
2.3. Synthesis of monomers 
Monomers 2,4:3,5-di-O-isopropylidene-D-mannitol (DIMA) and 
2,3:4,5-di-O-isopropylidene-D-mannitol (DIMB) [31] and 
dithiodiethyldiisocyanate (DI) [32] were obtained according to the 
corresponding described procedures. Spectroscopic characterization 
of monomers DIMA and DIMB is described in Appendix A 
(Supplementary data). 
 
2.4. General procedure for the synthesis of polyurethanes and 
copolyurethanes 
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The branched IM-based polyurethanes were synthesized and 
characterized in detail as we have already described [30]. These 
polymers were used in this work for hydrolytic degradation studies 
and also for studies of controlled release of model drugs. The 
aforementioned synthetic procedure has now been extended to the 
preparation of linear DIM-based polyurethanes. The general 
synthetic procedure is summarized as follows: the selected alditol 
[3,4-O-isopropylidene-D-mannitol (IM), 2,4:3,5-di-O-isopropylidene-D-
mannitol (DIMA), or 2,3:4,5-di-O-isopropylidene-D-mannitol (DIMB)] 
was made to react with dithiodiethyldiisocyanate (DI) in the presence 
of dibutyltin dilaurate (DBTDL) as catalyst. In the case of coPUs of 
IM, 2,2’-dithiodiethanol (DT) in the adjusted molar ratio was 
incorporated into the reaction medium. Thus, PUs, namely PU(IM-
DI], PU(DIMA-DI, PU(DIMB-DI), and coPUs PU(IMxDTyDI), were 
obtained as white solid materials in average 80% yield.  
 
2.4.1. Synthesis and structural characterization of Linear PU(DIMA-
DI) and Linear PU(DIMB-DI)  
 
Both linear PUs were obtained as follows. 
A round-bottom flask was loaded with 4 mmol of the 
corresponding diol monomer, 2,4:3,5-di-O-isopropylidene-D-mannitol 
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(DIMA) or 2,3:4,5-di-O-isopropylidene-D-mannitol (DIMB), and it was 
subjected to three cycles of vacuum-argon. Then dry THF (4 mL) 
was added to get a solution, to which dithiodiethyldiisocyanate (DI) (4 
mmol) was added under stirring, followed by the catalyst DBTDL 
(0.2%-mole relative to the monomers). Stirring was continued under 
argon atmosphere at room temperature for 24 h. Finally, the reaction 
mixture was treated with tert-butyl alcohol (1.2 mL) for 30 min, and 
added dropwise into cold tert-butyl methyl ether (200 mL). The 
precipitated polymer was filtered, washed with more ether, and dried 
under vacuum at 40 °C for 24 h to afford the title PUs as white solid 
materials in 80 and 82% yields, respectively. 
 
Data concerning physicochemical characterization of Linear 
PU(DIMA-DI): 
GPC: Mw 74,100;  Mn 48,700; Mw/Mn 1.5. 
IR: νmax (cm-1) 1698 (C=O urethane), 1524 (N-H urethane), 1217 (N-
CO-O). 
1H NMR (DMSO-d6, 500 MHz), δ (ppm): 1.22, 1.28 [2s, 12H, 2 
C(CH3)2], 2.69-2.82 (m, 4H, 2 CH2S), 3.19-3.30 (m, 4H, 2 CH2NH), 
3.68-3.77 (m, 2H, H-3, H-4), 3.78-3.83 (m, 2H, H-2, H-5), 3.96-4.14 
(m, 4H, H-1a,b, H-6a,b), 7.36 (br s, 2H, 2 NH). 13C{1H}-NMR (DMSO-
d6, 125 MHz), δ (ppm): 23.6, 24.4 [2 C(CH3)2], 37.5 (CH2S), 39.7 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
12 
 
(CH2NH), 63.7 (C-1, C-6), 67.5 (C-2, C-5), 68.0 (C-3, C-4), 100.5 
[C(CH3)2], 156.0 (CO). 
 
Data concerning physicochemical characterization of Linear 
PU(DIMB-DI): 
GPC: Mw 57,000; Mn 41,800; Mw/Mn 1.4. 
 IR: νmax (cm-1) 1699 (C=O urethane), 1523 (N-H urethane), 1216 (N-
CO-O). 
1H NMR (DMSO-d6, 500 MHz), δ (ppm): 1.28, 1.39 [2s, 12H, 2 
C(CH3)2], 2.69-2.82 (m, 4H, 2 CH2S), 3.19-3.38 (m, 4H, 2 CH2NH), 
3.95-4.04 (m, 2H, H-1a, H-6a), 4.11-4.19 (m, 2H, H-1b, H-6b), 4.19-
4.27 (m, 2H, H-2, H-5), 4.28-4.37 (m, 2H, H-3, H-4), 7.37 (br s, 2H, 
NH). 13C{1H}-NMR (DMSO-d6, 125 MHz), δ (ppm): 25.2, 27.0 [2 
C(CH3)2], 37.4 (CH2S), 39.9 (CH2NH), 63.5 (C-1, C-6), 74.1 (C-2, C-
5), 74.8 (C-3, C-4), 108.1 [2 C(CH3)2], 155.9 (CO). 
 
2.5. Removal of the O-protecting isopropylidene groups of the 
polyurethanes 
 
2.5.1. PU(M-DI) and PU(MxDTyDI) 
These hydroxylated polyurethanes and copolyurethanes have been 
previously synthesized [30].  
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2.5.2. Linear PU(MA-DI) and Linear PU(MB-DI) 
A suspension of Linear PU(DIMA-DI) or Linear PU(DIMB-DI) 
(350 mg, 0.75 mol) in THF (2 mL) was stirred with a mixture of 
TFA/H2O 6:1 (2.3 mL) at room temperature for 3 hours. Then the 
reaction mixture was added dropwise into cold tert-butyl methyl ether 
(250 mL) while stirring. The precipitated polymer was filtered, 
washed with more ether and dried under vacuum for 24 hours to 
afford the title polyurethanes in 82 and 88% yields, respectively. 
 
Data concerning physicochemical characterization of Linear PU(MA-
DI): 
GPC: Mw 94,200; Mn 65,100; Mw/Mn 1.4.  
IR: νmax (cm-1) 3320 (N-H, O-H), 1687 (C=O urethane), 1541 (N-H 
urethane), 1261 (N-CO-O). 
1H NMR (DMSO-d6, 500 MHz), δ (ppm): 2.69-2.91 (m, 4H, 2 CH2S), 
3.17-3.35 (m, 4H, CH2NH), 3.43-3.74 (m, 4H, H-2, H-3, H-4, H-5), 
3.69 (br s, 4H, 4 OH), 3.84-3.99 (m, 2H, H-1a, H-6a), 4.11-4.30 (m, 
2H, H-1b, H-6b), 7.22 (br s, 2H, 2 NH). 13C{1H}-NMR (DMSO-d6, 125 
MHz), δ (ppm): 37.4 (CH2S), 39.7 (CH2NH), 67.1 (C-1, C-6), 68.8 (C-
2, C-5), 69.1 (C-3, C-4), 156.8 (CO). 
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Data concerning physicochemical characterization of Linear PU(MB-
DI): 
GPC: Mw 66,500; Mn 46,900; Mw/Mn 1.4. 
IR: νmax (cm-1) 3318 (N-H, O-H), 1686 (C=O urethane), 1541 (N-H 
urethane), 1261 (N-CO-O). 
1H NMR (DMSO-d6, 500 MHz), δ (ppm): 2.71-2.83 (m, 4H, 2 CH2S), 
3.23-3.31 (m, 4H, 2 CH2NH), 3.50-3.58 (m, 2H, H-3, H-4), 3.59-3.83 
(m, 6H, H-2, H-5, 4 OH), 3.88-3.96 (m, 2H, H-1a, H-6a), 4.20-4.27 (m, 
2H, H-1b, H-6b), 7.21 (br s, 2H, 2 NH). 13C{1H}-NMR (DMSO-d6, 125 
MHz), δ (ppm): 37.4 (CH2S), 39.7 (CH2NH), 67.1 (C-1, C-6), 68.8 (C-
2, C-5), 69.1 (C-3, C-4), 156.7 (CO). 
 
2.6. Hydrolytic degradation studies  
Preparation of polymer disks. The disks were prepared by the 
application of pressure (10 ton/cm2) on powdered samples (20 ± 5 
mg) for 5 min at 25 °C. These disks were dried under vacuum at 40 
°C for 48 h.  
Degradation conditions. For the hydrolytic degradation studies, each 
polymer disk (160 ± 10 µm in thickness) was immersed in a vial 
containing 5 mL of one of the following buffer solutions: citrate buffer 
pH 2.00, phosphate buffer pH 7.00, borate buffer pH 8.00, or 
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carbonate buffer pH 10.00. The vials were then sealed and heated at 
37 ± 0.5 °C for a specific period of time. In the case of incubation at 
pH 7.00, the disks were submerged in the corresponding buffer 
solution and heated at 37 ± 0.5 °C while stirring with an orbital stirrer 
(200 rpm). At the end of the scheduled incubation periods, the disks 
were withdrawn from the incubation medium, washed thoroughly with 
distilled water, dried to constant weight, and then subjected to GPC 
analysis.  
 
3. Results and discussion  
3.1. Synthesis and chemical structure 
As mentioned above the synthesis and characterization of 
branched PUs and coPUs based on 3,4-O-isopropylidene-D-mannitol 
(IM) and 2,2’-dithiodiethanol (DT) as monomer diols, and 
dithiodiethyldiisocyanate (DI) has previously been reported by us 
[29,30]. We now describe the preparation of linear PUs starting from 
2,4:3,5-di-O-isopropylidene-D-mannitol (DIMA) and 2,3:4,5-di-O-
isopropylidene-D-mannitol (DIMB) and DI. Both types of polyurethane 
were obtained by the same synthetic procedure, as shown in 
Schemes 1 and 2. They were all obtained as white solid materials in 
average 80% yield. 
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As we have already described, PUs and coPUs derived from 
IM, PU(IM-DI) and PU(IMxDTyDI), respectively, presented a certain 
degree of branching, as demonstrated by NMR studies. This was due 
to the reaction of some of the secondary hydroxyl groups of the IM 
monomer with the diisocyanate DI. The subscript x and y letters 
shown in the abbreviations, correspond to %molar ratio of the diols in 
the copolymer calculated by 1H NMR, which were very close in all 
copolymers to the initial feed ratio. From the integration of the 
corresponding 1H NMR spectra, 10% of branching was estimated for 
PU(IM-DI) and 16–20% for the coPUs.  
However, in the case of PUs derived from di-O-isopropylidene 
monomers DIMA and DIMB, no branching is possible due to the 
absence of secondary hydroxyl groups, so linear PUs were obtained. 
Hence, these PUs are referred to as Linear PU(DIMA-DI) and Linear 
PU(DIMB-DI).The structural characterization of the monomers DIMA 
and DIMB is presented in Appendix A.  
 
Removal of the O-isopropylidene protecting groups was 
accomplished by hydrolysis with TFA in THF-water under different 
conditions, depending on the D-mannitol moiety present in the 
polymer chains (Schemes 3 and 4). Thus, in the case of the 
isopropylidene groups of PU(IM-DI) and PU(IMxDTyDI), warming the 
reaction mixtures at 40-45 °C overnight was necessary. In contrast, 
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the diisopropylidene groups of PU(DIMA-DI) and PU(DIMB-DI) were 
more easily removed —stirring at room temperature for 3 h was 
sufficient. The new polyhydroxyurethanes were named as Linear 
PU(MA-DI) and Linear PU(MB-DI).  
 
 
3.2. Thermal properties 
The thermal behavior of the polyurethanes that were going to 
be degraded has been comparatively examined by TGA and DSC; 
the parameters resulting from this study are shown in Tables 1 and 2. 
The thermal data of PU(IM-DI) and its coPUs PU(M81DT19DI) and 
PU(M48DT52DI), as well as their polyhydroxy derivatives [30], has 
been included for comparative purposes in order to correlate the 
thermal properties and the hydrodegradability behaviour. In addition 
to this, TGA and DSC traces of partially branched PU(IM-DI), Linear 
PU(DIMA-DI), and Linear PU(DIMB-DI), and their corresponding 
polyhydroxy derivatives, are shown in Fig. 1 and 2 respectively. 
The TGA traces for the O-protected PUs recorded under an 
inert atmosphere presented a similar pattern of decomposition 
behavior (Table 1, and Fig. 1a). The partially branched PU(IM-DI) 
presented thermal decomposition starting to be detectable at about 
258 °C, with onset temperatures (measured for 10% of weight loss) 
between 258 °C and 279 °C. For Linear PU(DIMA-DI) and Linear 
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PU(DIMB-DI) the thermal decomposition was very similar: in the 
range 260-280 °C and 262-275 °C respectively. The decomposition 
processes found for all of them took place in a single stage following 
an identical profile, with maximum degradation rate in the range 275-
280 °C, and a residue below 9% of the initial weight.  
The DSC studies showed no melting transition temperature for 
PU(IM-DI), but a thermal transition corresponding to a Tg was 
observed at 67 °C, which confers an amorphous character to this 
material. In contrast, the coPUs PU(IM81DT19DI) and PU(IM48-
DT52DI) were semicrystalline materials [30] (see also Table 1) whose 
Tg values decreased with the content of IM. 
On the other hand, linear PUs based on DIM were amorphous 
materials. Linear PU(DIMA-DI) and Linear PU(DIMB-DI) presented 
Tg values of 90 ºC and 81 °C respectively. This difference of 9 °C in 
Tg can be explained as a function of the different stiffness provided 
by the nature of the isopropylidene acetal groups of DIMA and DIMB 
monomers; DIMA has two fused 6-member rings and is a rigid 
monomer, while DIMB has two independent 5-member rings and is 
quite a flexible monomer. These structural features present in the 
repetitive constitutional units confer a different degree of stiffness on 
the polymer chains, depending on the starting monomer.  
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The O-deprotected Linear PU(MA-DI) and Linear PU(MB-DI) 
were semicrystalline materials. From TGA measurements (Table 2 
and Fig. 1b) we found that the linear PUs started thermal 
decomposition with onset temperatures (measured for 10% of weight 
loss) between 210 °C and 214 °C. The decomposition profile 
presented a single stage, with maximum degradation rate in the 
range 244-246 °C and a residue below 4% of the initial weight. Thus 
the maximum degradation rate is 15 °C and 17 °C lower than that 
observed for the partially branched PU(M-DI). 
The DSC studies (Table 2 and Fig. 2b) revealed lower glass 
transition temperatures for all the polyhydroxy derivatives compared 
with their acetalized counterparts. Thus the DSC traces of Linear 
PU(MA-DI) and Linear PU(MB-DI), showed Tg values of 40 °C and 30 
°C, respectively, which means a 50% decrease with respect to the 
acetalized parent polymers. The observed difference in Tg can be 
attributed to the different molecular weights of the two linear 
polyhydroxy derivatives. In the case of PU(M-DI), a Tg of 59 °C was 
observed —this is 8 °C lower than its corresponding starting O-
protected PU.  
The DSC thermograms for these PUs showed endothermic 
transitions of melting. Despite the branched PU(IM-DI) having an 
amorphous character, its corresponding PU(M-DI) showed a main Tm 
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at 122 °C, (Hm= 26 J g-1). All the coPUs, and their polyhydroxy 
coPUs PU(M81DT19DI) and PU(M48DT52DI), were semicrystalline 
materials [30] (Table 2), their Tg decreasing with the content of 
mannitol. 
The Tm of Linear PU(MA-DI) and PU(MB-DI) were 163 ºC and 
158 ºC respectively, and the peaks associated to crystallization 
processes were observed at 138 °C and 121 °C respectively (Table 
2).  
To sum up, all the polyhydroxy-PUs and -coPUs were 
semicrystalline materials and presented lower Tg than their acetalized 
parent materials, independently of the branched or linear structure. 
All branched polyurethanes and copolyurethanes were observed to 
be less crystalline than the linear ones, with both melting 
temperatures and enthalpies being lower as a consequence of these 
branches making it difficult for the polymer molecules to pack in a 
regular array.  
 
3.3. Hydrolytic degradation studies 
We had previously studied the degradation of a selected set of 
disulfide-bond-containing homoPUs PU(IM-DT) and co-
polyurethanes PU(IMx-DTyTDI) by the action of the bio-redox 
regulator glutathione (GSH) [30]. We demonstrated that the 
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glutathione-mediated degradation of those materials showed how the 
ratio of hydroxyl to disulfide groups modulates the response of GSH 
under physiological conditions, and it was seen that the inherent 
hydrophilicity of each of them plays a determining role in this kind of 
degradation process.  
In the case of hydrolytic degradation, hydrophilicity also plays 
a very important role. Hydrophilicity is intimately related to water 
absorption and this is a key parameter to be taken into account, 
since hydrolysis of the urethane function is the chemical reaction 
responsible for degradation in this kind of polymer [34]. We now 
report on the hydrolytic degradation studies of the above-mentioned 
polyurethanes under different pH conditions: pH 2.00, 7.00, 8.00, and 
10.00 —hereinafter pH 2, 7, 8 and 10— with incubation at 37 °C. 
GPC was used to follow the hydrolytic processes by the decrease in 
molecular weight of the corresponding materials.  
First, hydrolytic degradation of those PUs based on IM, such 
as PU(IM-DI), PU(IM81DT19DI), and PU(IM48DT52DI), was carried out 
at pH 7. The process was monitored for an exact period of time: 7, 
14, 21, 28, 35, and 70 days. The degradation process is shown in 
Fig. 3, where remaining molecular weight (Mw) is plotted versus time. 
It can be seen that the degree of degradation increases with the 
content in D-mannitol as either IM or M, especially with M. Thus 
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PU(IM-DI) lost approx. 20% of its original Mw after 28 days of 
incubation, and its polyhydroxyl derivative PU(M-DI) presented a loss 
of 66% at that time. After 70 days of incubation they had lost approx. 
55% and 76% of Mw, respectively. 
In parallel, the same polymers cited in the previous paragraph 
were assayed at pH 2, pH 8, and pH 10 at 37 °C for 28 days; the 
results are plotted in Fig. 4. Once again the samples that degraded to 
a higher degree, in any range of pH values, were those with the 
highest content of IM or M in their polymeric chains. Such PUs were 
the most hydrophilic, and the fastest to be degraded. The chemical 
constitution of the different PUs and coPUs was consistent with the 
obtained results. As expected, all the PUs degraded to a greater 
extent under basic pH. For instance, PU(M-DI) —with the highest 
content in D-mannitol— lost 13.4% of Mw at pH 2. PU(IM-DI) and 
PU(IM81DT19DI) lost approx. 30-37% of Mw at pH 8, with a 35% loss 
of Mw at pH 10. The corresponding polyhydroxy derivatives presented 
a similar pattern of Mw loss, losing up to 28-37% at pH 8, and 38-
40% at pH 10. It is worth noting that this set of PUs and coPUs 
based on IM and their polyhydroxy derivatives were very 
hygroscopic, as we had previously verified [30], which favored the 
hydrolytic degradation [34]. As can be observed, the loss of Mw in 
these PUs and coPUs based on IM was higher at pH 7 than under 
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basic pH, which can be explained as due to the enhanced effect 
caused by stirring.   
On the other hand, Linear PU(DIMA-DI) and Linear PU(DIMB-
DI), as well as their corresponding O-deprotected derivatives, 
presented the same profile of degradation but to a lesser degree than 
their branched homologues (Fig. 5 and 6). In general, those PUs with 
higher content in D-mannitol lost up to 20-25% in Mw after incubation 
at pH 10 for 28 days. The difference in hygroscopicity as a 
consequence of differences in crystallinity between the non-linear 
and linear polyhydroxyurethanes could explain the greater 
degradation of the former, which were less crystalline. 
Selected 1H NMR spectra of the samples corresponding to the 
O-deprotected PU(M-DI) and Linear PU(MB-DI) recovered from the 
incubated media are shown in the Supplementary data. Detection of 
any amino or hydroxyl terminal groups proceeding from the 
hydrolysis of the urethane functions —especially for PU(M-DI)— is 
not so clear, probably due to the presence of abundant hydroxyl 
groups, including those already present in the parent acetalized 
material. For Linear PU(MB-DI), terminal hydroxymethyl groups can 
be observed at δ 4.75 ppm (Fig. S2). 
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SEM micrographs of polyhydroxy PU(M-DI), Linear PU(MA-DI), and 
Linear PU(MB-DI) before and after the incubation processes (Fig. 7 
and 8) clearly demonstrate the traces of degradation. They all show 
that the degradation took place on the surface of the disks; thus Fig. 
7 shows the erosive process on PU(M-DI), at 37 ºC and pH 7 for 70 
days. Likewise, SEM micrographs of PU(M-DI), Linear PU(MA-DI), 
and Linear PU(MB-DI) demonstrate the erosion process on their 
respective surfaces at pH 10 for 28 days (Fig. 8). 
Finally we can sum up that for hydrolytic degradation at 
different pH conditions —from pH 2 to pH 10— the presence of D-
mannitol in the polymer chains is of relevance because it ensures the 
degradation process. Certain structural features, such as linearity or 
branching in the polymer chains, together with the presence of 
hydroxyl groups along them, are also important. Of the monomers IM 
and DIM, the polyurethanes originated from the former were the most 
hydrolytically degraded because they presented a certain degree of 
branching and were less crystalline and very hygroscopic materials. 
In general, all the polyhydroxy PUs studied here display low Tg 
values, which —together with the above-mentioned properties— 
enhances any kind of degradation process in comparison with the 
acetalized starting materials.  
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4. Conclusions 
A variety of D-mannitol-based polyurethanes have been 
synthesized, structurally characterized, and subjected to hydrolytic 
degradation assays under conditions of pH (2, 7, 8 and 10) and 
temperature (37 ºC) typical of those in the gastrointestinal tract. They 
were all degraded to an extent depending on their structural 
constitution and thermal properties. The confluence of certain factors 
is determinant for an effective degradation: namely hydrophilicity, 
crystallinity, and glass transition temperature close to 37 °C. Thus the 
more-hydrophilic materials based on IM, and their corresponding 
polyhydroxy derivatives, with some degree of branching, presented 
an enhanced degradation progression. All the O-deprotected PUs 
had Tg values in the range 30-59 °C, which favored degradation at 
the physiological temperature. SEM studies confirmed the 
degradation effect mainly at the surface level of the studied sample 
disks at pH 7 and pH 10, depending on the substrate. Hopefully, 
continuing investigations of these materials will achieve their 
applicability as drug transporters in the gastrointestinal tract.  
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Figure captions 
 
Fig. 1. Comparative curves of thermal degradation under inert 
atmosphere of the O-protected (a), and O-deprotected (b) 
polyurethanes. Weight (%) versus temperature. 
 
Fig. 2. DSC heating traces of the O-protected (a) and O-deprotected 
(b) polyurethanes recorded under heating from quenched samples 
for Tg observation. 
 
Fig. 3. Hydrolytic degradation of selected PU(IMxDTyDI) and PU(IM-
DI] (a), and  the corresponding O-deprotected PU(MxDTyDI) and 
PU(M-DI) (b). Remaining molecular weight is plotted versus time, 
incubation at 37 °C, and pH 7 for 70 days. 
 
Fig. 4. Hydrolytic degradation of selected PU(IMxDTyDI) and PU(IM-
DI) (a), and  the corresponding O-deprotected PU(MxDTyDI) and 
PU(M-DI) (b). Remaining molecular weight is plotted versus time, 
incubation at 37 °C and pH 2, pH 8, and pH 10 for 28 days. 
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Fig. 5. Hydrolytic degradation of Linear PU(DIMA-DI) (a), and  the 
corresponding O-deprotected Linear PU(MA-DI) (b). Remaining 
molecular weight is plotted versus time, incubation at 37 °C and 
different pH for 28 days. 
 
Fig. 6. Hydrolytic degradation of Linear PU(DIMB-DI) (a), and the 
corresponding O-deprotected Linear PU(MB-DI) (b). Remaining 
molecular weight is plotted versus time, incubation at 37 °C and 
different pH for 28 days.   
 
Fig. 7. SEM micrographs of PU(M-DI) before (a) and after (b) 
incubation at 37 °C, pH 7, 70 days. 
 
Fig. 8. SEM micrographs of PU(M-DI) (top), Linear PU(MA-DI) 
(middle), and Linear PU(MB-DI) (bottom) before (a) and after (b) 
incubation at  37 °C,  pH 10, 28 days. 
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Table 1 
Thermal properties of protected O-isopropylidene polyurethanes 
 
 
 
 
 
 
 
 
 
 
 
 
 
Polyurethane 
 
TGA 
 
 
DSC 
 Tda (°C) Tdsb (°C) ∆Wc (%)  Tgd (°C)  Tme (°C) ∆Hme (J g-1) 
Linear PU(DIMA-DI)  260 280 9  90    
Linear PU(DIMB-DI)  262 275 5  81    
PU(IM-DI)f  258 279 8  67  
  
PU(IM81DT19DI)f  226 261 8  55  70/117 3/3 
PU(IM48DT52DI)f  254 269 8  34  68/100 4/14 
a
 Temperature at which 10% weight loss was observed in the TGA traces recorded at 10 °C min-1. 
b Temperature for maximum degradation rate.  
c
 Remaining weight at 600 °C.  
d
 Glass transition temperature taken as the inflection point of the heating DSC traces of melt-quenched 
samples recorded at 20 °C min-1.  
e
 Melting temperature (Tm) and respective enthalpy (∆Hm) measured by DSC at a heating rate of 10 °C min-1. 
f
 Data corresponding to these PUs were taken from reference [30]. 
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Table 2 
Thermal properties of polyhydroxyurethanes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Polyurethane 
TGA  
 
DSC 
Tda(°C) Tdsb(°C) ∆Wc(%)  Tgd(°C)  Tme(°C) ∆Hme(J g-1)  Tcf(°C) ∆Hcf(J g-1) 
Linear PU(MA-DI) 210 244 0  40  163 51  138 19 
Linear PU(MB-DI) 214 246 4  30  158 52  121 13 
PU(M-DI)g 231 261 9  59  90/122 4/26    
PU(M81-DT19DI)g 229 266 7  47  75/115 6/12    
PU(M48-DT52DI)g 232 242 19  13  110 37    
a Temperature at which 10% weight loss was observed in the TGA traces recorded at 10 °C min-1.  
b
 Temperature for maximum degradation rate. 
c
 Remaining weight at 600 °C.  
d
 Glass-transition temperature taken as the inflection point of the heating DSC traces of melt-quenched samples recorded at 
20 °C min-1. 
e
 Melting temperature (Tm) and respective enthalpie (∆Hm) measured by DSC at a heating rate of 10 °C min-1. 
f Crystallization (Tc) temperature and respective enthalpie (∆Hc) measured by DSC at a heating rate of 10 °C min-1 
g
 Data corresponding to these PUs were taken from reference [30]. 
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Scheme 1. Polyaddition reactions leading to homopolyurethanes. 
 
 
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
40 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2. Polyaddition reactions leading to copolyurethanes. 
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Scheme 3. Polyhydroxyurethanes from their parent PUs by removal of the O-isopropylidene groups. 
 
 
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
42 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4. Copolyhydroxyurethanes from their parent coPUs by removal of the O-isopropylidene groups. 
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Highlights: 
 Hydrolytic degradation of polyurethanes with proven sustained and site-
specific drug release in the gastrointestinal tract 
 Hydrophilic carbohydrate-based polyurethanes with enhanced degradation 
under physiological conditions 
 Branching and linearity of D-mannitol-based polyurethanes determine the 
scope of hydrolytic degradation processes. 
 
